of the mutated ␣v integrin gene. Mice heterozygous for the mutation appeared normal and did not display any overt anatomical or behavioral abnormalities.
No mice homozygous for the mutation were detected among Ͼ300 weaned progeny from heterozygous intercrosses (Table 1) . Analysis of newborn offspring detected eight homozygous mutant mice among 142 neonates (Table 1) . However, these homozygotes showed intracranial and intestinal hemorrhage (see below; Figure 5H) and died perinatally. Therefore, the homozygous mutation is recessive lethal, and survival to the stage of perinatal lethality is only 20% of the expected Mendelian ratio.
Cells from Homozygous Mutant Embryos Do Not Express ␣v Integrins
To verify the ␣v integrin-null mutation, we cultured fibroblastic cells from E16 embryos and dermal fibroblasts from neonates and examined them for the presence of ␣v integrins and other integrins by cell surface iodination and immunoprecipitation. While ␣v and ␤1 integrins (Figure 1B ) and ␣5 integrin (data not shown) were immunoprecipitated from both wild-type and heterozygous embryonic cells, no ␣v integrin subunit was precipitated from homozygous mutant cells ( Figure 1B, b and c) . There was no indication that other integrins were upregulated in the absence of ␣v integrins. These results show that the ␣v integrin subunits are absent from the surfaces of cells derived from homozygous mutant embryos and that the mutation is a true ␣v-null mutation. Consistent with this conclusion, ␣v-null fibroblasts failed mite compaction in E8.5 ␣v-null embryos appeared normal (Figures 2A and 2B ). E9.5 ␣v-null embryos formed brain vesicles, optic vesicles, branchial arches, otic pits, Results forelimb buds, a beating heart, and 20-25 somites (Figures 2C and 2D) . Occasionally, E9.5 ␣v-null embryos Targeted Disruption of the ␣v Integrin Gene ‫%01ف(‬ of the expected mutant embryos) were slightly The ␣v integrin gene was inactivated by homologous smaller in size but did not exhibit morphological abnorrecombination deleting the first exon of the ␣v integrin malities compared with normal littermates. Therefore, gene encoding 5Ј untranslated sequence, the signal development to day 9.5 of gestation is largely indepenpeptide, and 30 amino acids of the mature protein, as dent of ␣v integrins. well as 55 bp of the adjacent intron, and replacing these By E10.5, defects began to appear in ␣v-null embryos. sequences by a neomycin-resistance (neo R )-expression Although they were still present in the expected procassette ( Figure 1A ). Twelve independently targeted ES portions (Table 1) and all were alive as demonstrated cell lines were obtained, injected into C57BL/6J blastoby beating hearts, many appeared delayed in growth cysts, and transferred to pseudopregnant females. Chimeric males from three lines gave germline transmission (smaller heads, underdeveloped branchial arches, and 6B ) number of the ␣v-null embryos also exhibited pericardial edema by E10.5 ( Figure 2G ). In contrast, a second, while the majority class (I; ‫)%08ف‬ were deteriorating ( Figure 2H ) or were already absorbed. smaller class of ␣v-null embryos appeared normal at E10.5. By E11.5 this division into two classes was even Therefore, homozygosity for the ␣v-null mutation leads 
Myogenic Development
Whole-mount staining for SM␣Ac of E10.5 embryos Antibodies recognizing PECAM-1, a marker for endothe-( Figure 3E ) and cross sections ( Figures 3F-3H ) revealed lial cells, and smooth muscle ␣-actin (SM␣Ac), an early that (1) somites in ␣v-null embryos can differentiate into marker for myogenic lineages, were used for wholethe myogenic lineage ( Figures 3E and 3F ), (2) SM␣Ac-mount immunohistochemical staining of embryos at expressing ␣v-null vascular smooth muscle cells (VSMC) E9.5 and E10.5 (Figure 3) . PECAM-1 staining revealed surround the dorsal aorta ( Figure 3F ), and (3) in ␣v-null apparently normal vascular patterning in ␣v-nulls indisembryos, cardiac development initially is normal (data tinguishable from that seen in control littermates (Figures 3A-3C ). Cross sections of E9.5 ␣v-null ( Figure 3D ) not shown) and SM␣Ac-expressing cardiomyocytes are demonstrated that in ␣v-null yolk sacs a complex vascular network formed and blood vessels of different diameters were present but occasionally appeared slightly Normal Yolk Sac Vascularization but Deficient Placentation distended compared with control littermates. Placentae were also examined both after dissection The vital connection between the developing heart and the yolk sac (the vitelline vessels) and the fusion of the and by histology in utero. Some ␣v-null placentae ‫)%02ف(‬ appeared normal whereas the majority ‫)%08ف(‬ allantois with the chorion were established in all ␣v-null embryos examined (data not shown). To assess the showed some abnormalities. The concordance between the frequencies of abnormal placentae and class I ␣v-patterning and integrity of the extraembryonic vasculature and placentation of ␣v-null embryos, yolk sacs and null embryos showing early lethality suggests that these two phenomena are linked. The most prominent differplacentae from wild-type and mutant embryos were analyzed. Whole-mount immunohistochemistry with antiences between the defective ␣v-null and wild-type placentae were in the labyrinthine zone, which appeared PECAM-1 antibodies of yolk sacs between E9.5 and (Figure 7) . At E12.5 urinary bladder (data not shown). Because of the defects seen in class I ␣v-null embryos, the hearts of the class ␣v-null endothelial cells of perineural blood vessels sprout, penetrate the basement membrane of the neu-II ␣v-nulls and control littermates at various stages were examined histologically (data not shown). At around E12, roectoderm, and invade the brain parenchyma ( Figure  7A ). They form lumens and assemble various basement when the intracerebral hemorrhage is first visible, the ␣v-null hearts had a normal four-chambered structure membrane proteins (Figures 7B-7D ). Blood vessels branch in the subventricular zone of the forebrain most with no indication of enlarged ventricles or other abnormalities. likely by sprouting angiogenesis (Figures 7E-7G ). Distended vessels ( Figure 7F ) and vessels in regions where Apart from the intracerebral hemorrhages described above and found in all class II ␣v-null embryos and red blood cells have already leaked into the neuronal parenchyma also stained for laminin-1.
(A, B, E, and F) Transverse sections of E11.5 wild-type (A and E) and ␣v-null embryos (B and F). The ganglionic eminences of the telencephalon are prominent. (E and F) Enlargements of a region of the ganglionic eminence at E11.5 show the slightly distended vessels (arrows) in the mutant (F) as compared with wild-type (E). (C, D, G, H, I, and K) Transverse sections of E12.5 wild-type (C and G) and ␣v-null embryos (D and H); striking bilateral cavitation (arrows) in the subventricular zones of the mutant ganglionic eminence (D). In subventricular zones of the mutant diencephalon, strongly dilated blood vessels are also prominent bilaterally (D, H, and K). In (G and I) sections of a wild
neonates, malformation of the secondary palate and intestinal hemorrhage in newborns also occurred with Therefore, endothelial cell proliferation and migration, tube formation, sprouting and branching, and basement 100% penetrance. Whole-mount analysis of the gastrointestinal tract of wild-type and ␣v-null pups showed no membrane assembly all proceed in the absence of ␣v obvious differences in size or length (data not shown), palate was observed in embryos and newborn ␣v-null mice ( Figures 8B and 8D ). Histological analysis of E14.5-although the stomachs of ␣v-null neonates were not filled with milk as in control littermates. ␣v-null intestines E17 embryos and neonates revealed that the palatal shelves did elevate to a horizontal orientation. However, had normal-looking intact mesenteric blood vessels. Thrombi were present in the proximal part of the duodethey were short stumps and did not meet in the midline. Ossification in the palatal shelf stumps of the ␣v-nulls num but not in the stomach (data not shown). The original site of the bleeding is most likely of intestinal origin, was prominent and the nasal epithelium differentiated into pseudostratified ciliated columnar cells and the oral although we could detect no overt signs of hemorrhage in the stomach or the lamina propria of the intestinal epithelia into stratified squamous cells, as in wild type. Thus, most tissues and organs can develop normally wall or in the intestinal villi.
A prominent anteroposterior cleft of the secondary in the absence of ␣v integrins. A few systems (e.g., brain 
unpublished data). uterine receptivity (see references in Cross et al., 1994).
Notwithstanding their involvement (or not) with FN, it Our data clearly do not argue against (or for) a role for is clear that ␣v integrins are not required for somite ␣v expression, either in the uterus or from maternal formation or compaction, nor for the subsequent develmRNA in the embryo, but they do rule out an essential opment of the skeletal myogenic lineage. Muscle-sperole for zygotic ␣v in implantation. Embryonic ␣v intecific actin is detected in the dermamyotome and skeletal grins are also nonessential for subsequent development muscles develop normally as evidenced by gross anatof the placenta since 20% of ␣v-null embryos develop omy and histology and by movements of neonatal ␣v-to term with overtly normal and functional placentae. null pups. Smooth muscle cells also develop associated However, 80% of the ␣v-null embryos do show defects with blood vessels and in organs such as the intestinal in the development of the placenta with poor developtract and cardiac development appears normal in the ment of the labyrinthine layer and poor interdigitation class II ␣v-null embryos. The myocardium of the class of fetal and maternal vessels. A similar percentage of I ␣v-null embryos undergoing crisis is thinned, but we the ␣v-null embryos dies between E10 and E12, the believe that to be a secondary consequence of the plastage at which placental function becomes necessary cental defects discussed above. for further development. It seems likely that these obserThus, our data do not support an essential role for ␣v vations are linked and that the defects in placental development cause the embryonic lethality.
integrins in any of the muscle lineages. That is not to say that ␣v integrins may not play some more subtle class I ␣v-null embryos do exhibit some dilation of the vessels at the time of crisis (E10-E11). This is probably role in the development, function, or maintenance of muscle cells. Similarly, to the extent analyzed, namely a secondary consequence of other defects, since class II ␣v-null embryos do not show these abnormalities. histology of developing embryos, cartilage, and bone develop normally in ␣v-null embryos. However, there is Vascular beds in virtually all organs develop normally in ␣v-null embryos. The major location in which ␣v inteconsiderable bone remodelling postnatally, and our data do not address the possible role of ␣v integrins, particugrins appear to be essential for normal vascular development is the CNS (brain and spinal cord) . Here the vessels larly ␣v␤3, in osteoclast function (see Introduction).
One structure in which we did detect consistent demust arise by angiogenesis, sprouting from the vessels surrounding the neural tube, since there are no angifects was the secondary palate. This defect was observable as early as E14.5. The palate forms from the maxiloblasts within the neural parenchyma (Breier and Risau, 1996; Risau, 1997). However, sprouting, invasion, and lary processes, which comprise both craniopharyngeal ectoderm and cranial neural crest cells (Ferguson, 1988) .
branching of vessels all occur in the ␣v-null embryos. The vessels do become dilated and eventually herniate The failure of palate closure seen in the ␣v-null pups could arise from defects in either of these cell populaleading to leakage of blood into the neural parenchyma. However, many endothelial functions necessary for fortions and could occur in any of several aspects of palate development. Perhaps the most interesting possibility mation of a vascular system within the CNS clearly do occur. These must include endothelial cell proliferation is that there is a deficit in neural crest-derived mesenchymal cells, since neural crest cells are known to exand migration and formation and branching of tubes. We do not observe an increase in apoptosis of endothepress ␣v integrins, which play a role in their adhesion and migration in vitro (Delannet et al., 1994). This and lial cells, although that could have been missed if the cells slough off into the circulation. These results are all other aspects of neural crest development in the ␣v-null embryos will need further investigation.
unexpected in light of earlier data using blocking agents targeted against ␣v integrins. The dilation and eventual Overall, it is notable that development of most organs and tissues proceeds apparently normally in the ableakage of the intracerebral vasculature might suggest that intercellular adhesions, the basement membrane, sence of ␣v integrins. If this were to be because of compensation by other adhesive systems for the loss or other supporting structures may be defective in the absence of ␣v integrins. However, by immunohistoof all five ␣v integrins, it would require a remarkable degree of compensation in many different cell types. chemistry, the basement membrane of ␣v-null brain vessels contains normal components arranged in a normal We cannot rule out overlapping functions of, or compensation by, other adhesion receptors in any given situafashion around the vessels, and the analyses to date do not suggest a basement membrane defect. Clearly it is tion in these embryos. However, there is no evidence for upregulation of other integrins in embryonic or neonatal possible that other basement membrane components may be missing or misarranged, and it will be necessary fibroblasts.
to examine the organization of both the ECM and the endothelial layer (e.g., cell-cell junctions) at the ultraVascular Development structural level. Arguably the most surprising and interesting observaAnother possibility is that accessory cells normally tion is that most vascular development proceeds norassociated with the brain vasculature (e.g., pericytes or mally in the absence of all five ␣v integrins. In particular, glial cells) fail to associate properly in the absence of ␣v␤3 and ␣v␤5 have been implicated in vascular devel␣v integrins. In some respects, the dilation of brain capilopment both by their expression at appropriate times laries in ␣v-null embryos resembles that seen in PDGFand places (see references in Introduction) and by ex-B-null embryos (Lindahl et al., 1997). In the latter case, periments blocking vasculogenesis and angiogenesis in the defects arise from failure of migration of pericytes, embryos (Drake et al., 1995), neovascularization in the which depend on PDGF signaling by the endothelial retina (Friedlander et al., 1996; Hammes et al., 1996) , cells. However, the defects we observe occur earlier and angiogenesis stimulated by angiogenic growth facthan those seen in the PDGF-B-null embryos, sugtors or tumors (Brooks et al., 1994a, 1994b, 1996, 1998) .
gesting they are not due solely to failure of pericyte Those data have suggested that these ␣v integrins play immigration and interaction. Another cell type that intercrucial roles in vascular development, both normal and acts closely with brain capillaries is the astrocyte (Marinpathological, and have stimulated a drive to develop Padilla, 1985), and there might be defects in establishantagonists of ␣v integrins as therapeutic agents. ment of perivascular glial processes. In marked contrast with those data, our results sugSuffice it to say, the development of the ␣v-null brain gest that most vascular development (although not all, vasculature proceeds much more normally than would see below) proceeds normally in the complete absence have been predicted for an angiogenic process on the of ␣v integrins. This includes both vasculogenesis to basis of prior publications. Further work will be neces- 
